Based on the basic characteristics of municipal solid waste (MSW) from regional small cities in China, some optimal management principles have been put forward: regional optimization, long-term optimization, and integrated treatment/disposal optimization. According to these principles, an optimal MSW management model for regional small cities is developed and provides a useful method to manage MSW from regional small cities. A case study application of the optimal model is described and shows that the optimal management scenarios in the controlling region can be gained, adequately validating and accounting for the advantages of the optimal model.
INTRODUCTION
In China, cities can be divided into five categories according to their population. By the end of 2001, there were 25 super cities with more than 2 million population, 141 gigantic cities with population between 1 million and 2 million, 279 large cities with population between 0.5 million and 1 million, 180 medium cities with population between 0.2 million and 0.5 million, and 37 small cities where the population was less than 0.2 million. 1 There are also more than 200,000 towns with a population from 10,000 to 100,000, sometimes nearly up to 0.2 million.
Small cities in this study include cities and towns with less than 0.2 million population.
In recent years, some regional small cities have developed very quickly, especially in some regions in the southeast of China such as the Pearl River Delta, the Yangtze River Delta, and so on. In addition, with the policy of "Small Towns, Great Stratagems" being brought into effect in China, small cities will play a more important role. Although there is less population for each regional small city and municipal solid waste (MSW) can be managed relatively easily, different management principles and methods should be used to deal with MSW from regional small cities than from large cities with the increasing experience of MSW management in these regions. MSW from regional small cities shows some different basic composition characteristics: there are more inorganic materials than organic ones, more uncompostable refuse than compostable refuse, and less combustible refuse than incombustible. The heating value of MSW from small cities is ϳ3300 kJ/kg. The total amount of MSW generated from a small city is significantly less than that from a large city. The amount of waste generated is ϳ1 kg/capita/day in small cities. The mixed collection system will last a long time. Obviously, it is necessary to establish an optimal management model of MSW for regional small cities, so that MSW in this region can be managed effectively. Although many researchers have tried to promote the development of an MSW management system and mathematical models, few previous works are based on MSW management of regional small cities in developing countries. This paper presents a technical program and develops an optimal model for regional small cities in China.
IMPLICATIONS
According to the characteristics and development trend of regional small cities in China and the characteristics of their MSW, the authors of this paper suggest that the management ideas of regional optimization, long-term optimization, and integrated disposal optimization for disposal of MSW from regional small cities should be adopted. This paper presents a technical program and develops an optimal model.
OPTIMAL MANAGEMENT PRINCIPLES
Based on the amount and composition of MSW from regional small cities as well as requirements of various processing and disposal techniques, the basic principles suitable to optimal MSW management of regional small cities of China are put forward.
Regional Optimization
Extensive attention is usually paid to the principle of regional optimization in the MSW management systems of regional small cities. The reasons are as follows:
(1) The requirement of economy of scale. Because the cost of the equipment and the operations of various processing or disposal techniques, including landfill, composting, incineration, and recycling, meet the requirement of economy of scale, there are different unit costs for different capacities of different facilities. To some extent, the larger the process or disposal capacity, the less the unit cost. In China, especially for small cities, where the population is usually less than 0.2 million, the amount of MSW generated daily is generally less than 200 t. If each city established a treatment and disposal facility, it would not be economical and would waste resources. For example, the appropriate number of incinerators in an incineration plant is two to four. Considering the current processing ability of domestic equipment, taking 300-, 450-, and 600-t/ day incineration facilities as examples, if the capacity of an incinerator is 150 t/day, the investments are listed in Table 1. 2 From Table 1 , it can be concluded that the investment per t decreases as the project scale increases. When the scale of the project is from 300 to 600 t/day, the investment per t is decreased to 56,700 yuan, thus saving the investment, which fully reflects the important impact of economy of scale on unit cost. (2) Long-Term Optimization In China, with the development of the urban economy, the improvement in living conditions, the increase of the proportion of districts using gases as fuels, and the development of businesses and services, the composition of MSW generated from small cities will vary constantly in the future. The proportion of organic and recyclable garbage will increase, and the proportion of inorganic components will be reduced correspondingly. Meanwhile, the total amount of MSW will increase rapidly with the coming urbanization peak.
Significant changes in the proportion of the putrescibles, cinders, and recyclables in the MSW from Hangzhou City from 1985 to 1994 are illustrated in Figure  1 . 4 For Hangzhou City, the proportion of cinder steadily decreased from 1985 to 1994. On the other hand, the proportion of putrescibles and recyclables increased correspondingly. Compared with 1985, the proportion of recyclables in the MSW of 1994 increased by 3.8 times, the putrescibles increased 52%, and cinder, dust, and other inorganic components decreased by 39%. Obviously, over the long term, it is important to know fully the changes in the amount and composition of MSW from small cities, making an overall plan conforming to the sustainable principles of resources utilization, so that MSW management is better carried out. 
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Integrated Disposal Optimization Each of the techniques has some shortcomings when compared with the other methods. None can fulfill independently the overall objectives of MSW resource, reduction, and harmlessness. Thus, integrated disposal is economical and reasonable. Integrated disposal is the use of various techniques, including landfill, composting, incinerating, or recycling, to dispose of MSW comprehensively so as to avoid or lessen the disadvantages and difficulties of utilization of a single technique.
CONCEPTUAL MODEL FOR OPTIMAL MANAGEMENT OF MSW
According to the principles for optimal management of MSW mentioned previously and the demands of MSW disposal itself, the concept model for optimal management of MSW from small cities of China is established in Figure 2 . First, the general information in the planning system must be investigated and evaluated, based on how the work controlling regions are divided. Second, in each controlling region, in light of the MSW analysis, the possible sites for processing or disposal facilities are chosen. Meanwhile, the capacity of each facility is determined, and the relative positions of cities and facilities are depicted. Finally, setting up model equations, evaluating parameters, and working them out are executed respectively.
INVESTIGATION AND EVALUATION OF GENERAL SITUATIONS IN THE PLANNING SYSTEM
Basic Investigation and Evaluation The investigation of basic urban data is the basis of MSW management planning. It plays an important role in choosing facility sites and model output. In general, the following basic data are needed: data from the natural environment (e.g. topography, climate, geology, hydrology), distribution of small cities, transportation, population density, economic development level, and forecast of future development and possible environmental problems in the planning system. The following evaluation will be made according to the investigation.
(1) Partition of controlling regions. When carrying out the optimal management, it is essential to plot controlling areas in the planning system first. Before the partition is done, the relative position of neighboring towns, the situation of topography and physiognomy, transportation costs, economic development level, and distribution of cities and population density need to be taken into account fully. (2) Choosing planning period. Choosing a planning period must comply with overall urban planning. It is required to ensure that the MSW changes can be forecasted accurately during the planning period, so as to avoid such management scenarios in which there is not enough MSW shipped to facilities or where the composition of the waste cannot meet the demands of the facilities. Furthermore, the life of the facilities in the controlling region is calculated fully. Thus, they will be guaranteed to fulfill the objective of MSW disposal in the planning period. (3) Preliminary choice of facilities' sites. The preliminary choice of the facilities' sites should conform to the following two principles. One is avoiding environmental pollution, and the other is saving costs. The first principle is to guarantee the safety of the facilities, avoiding pollution of the atmosphere, surface water, and groundwater caused by facilities. The factors involved in the economic principle are the size and capacity of facilities, land cost, transportation cost, operation cost, and so on. Thus, it has to keep in close touch with local facts and rely on basic information and MSW investigations so the appropriate facility sites are chosen.
MSW Investigation
The reported MSW data should be evaluated at the beginning of the investigation. In China, there are not accurate weight evaluation systems about the amount of MSW in most cities or regions. The statistics on MSW amounts were estimated by loads of the collecting trucks. But there are generally some calculation errors. For example, in Beijing, the statistical amount of MSW in 1992 was 4.3 million t. Thus, the amount of MSW was 2 kg/capita/day, which was too much greater than that of the other Asian cities whose economic development is similar. After investigation, it was determined that the final accurate figure is 0.78 kg/capita/day. 5 The other important part of the MSW investigation is the analysis of the MSW composition.
MODEL EQUATIONS
The objective of the model presented here is to minimize the total cost of the system on the condition that all wastes are processed or disposed of harmlessly over a long planning period. Costs are divided into three categories: transportation costs, facility and running costs, and revenues 6, 7 .
Structure of the Objective Function
Min Z ϭ transportation costs ϩ landfill costs ϩ composting costs ϩ incinerating costs ϩ recycling costs Ϫ revenues of recyclables Ϫ revenues of compost Ϫ revenues of energy
where Z ϭ total present cost of system (yuan); a ϭ waste source, including various cities, processing facilities in the controlling region; p ϭ recycling facility; i ϭ incinerator; c ϭ compost facility; l ϭ landfill; t ϭ the year of concern (a); r ϭ discount rate; f ϭ representing facilities; CTC t ϭ cost of transporting waste to facilities per kilometer per t in year t (yuan/km.t); DIS aft ϭ distance transported from source a to facility f in year t (km); X aft ϭ amount of MSW processed or disposed of from source a at facility f in year t (t/a); RPC pt ϭ unit cost of waste processing at recycling facility p in year t, including facility costs, run costs, and revenues of recyclables (yuan/t); RIC it ϭ unit cost of waste incinerating at incinerator i in year t, including facility cost, run cost, and revenue of energy (yuan/t); RCC ct ϭ unit cost of waste composting at composting facility c in year t, including facility cost, run cost, and revenue of compost (yuan/t); and LC lt ϭ unit cost of waste landfilling at landfill l in year t, including facility cost and run cost (yuan/t).
Constraint Equations Mass Balance
Constraints. There are always some residues generated after MSW is processed by various processing facilities, including recycling facilities, incinerators, or compost facilities. These residues need to be processed or disposed of further by other facilities. In the recycling process, the residues generated may be shipped to incinerators or landfills for further processing or disposal in light of their characteristics. Similarly, the residues generated after composting or incinerating also need to be shipped to landfills for final disposal. Consequently, the total amount of wastes disposed of or processed by a certain landfill or incinerator includes not only MSW from various cities directly, but also the residues generated from other processing facilities.
Based on the forgoing analysis, on the assumption that all wastes are processed or disposed of in the controlling region, the following mass balance equations are in the planning system.
where s ϭ original waste source (i.e., various cities in the controlling region); A t ϭ the total amount of MSW generated in the controlling region in year t (t/a); ␣ ϭ generation rate of residues at an incinerator (%); ␤ ϭ generation rate of residues at an compost facility (%); and ␥ ϭ generation rate of residues at a recycling facility (%).
Facilities Capacity Constraints. The capacity of any facility represents a physical limitation that must be considered. Thus, the accumulated waste inflow should be less than or equal to the maximum allowable operating capacity of each type of facilities in year t.
The landfill is the final disposal facility for MSW, so the amount of MSW deposited in a landfill should be limited by the total disposal capacity in the planning time period.
where PCAP ft ϭ capacity of facility f in year t (t/a); and TCAP l ϭ total disposal capacity of landfill l (t).
Minimum Landfill Capacity Constraints. In the composition of MSW, some components must be shipped to a landfill for disposal, such as cinder, dust, tiles, along with metals, glass, and wares that do not get recycled and combustible components that cannot be separated from others. So
where E at ϭ the amount of MSW needed to be deposited in a landfill from source a in year t (t).
Availability Rate Constraints. Because of the limitations of technology and for other reasons, facilities other than landfills can only process some components of MSW. Therefore, the available amount of MSW processed by each processing technique depends on the total quantity of various components that can be processed by this facility in the controlling region. At the same time, in practical operation, the rate of every kind of component separated from mixed MSW is related to the collection method. Here, the availability rate parameter is put forward. The availability rate is the proportion of a certain componential waste separated probably from mixed MSW under general conditions. Consequently, the maximum amount of MSW probably processed by each processing technique (except landfill) is equal to the product of the total amount of waste that may be processed by this technique in the controlling region and the corresponding availability rate.
where i ϭ availability rate of combustible components; c ϭ availability rate of components composted; p ϭ availability rate of recyclable components; B t ϭ total amount of combustible wastes in year t (t/a); C t ϭ total amount of available wastes composted in year t (t/a); and D t ϭ total amount of recyclable wastes in year t (t/a).
Nonnegativity Constraints. All the previous decision variables are required to be nonnegative. Figure 3 is a map of the case study showing the relative positions of cities and potential waste treatment facilities. Table 2 is used to show the distances (in km) between cities and facilities, as well as between different facilities. The planning period is 15 years, and data in 1999 are chosen as reference standards. The waste composition of each city in 1999 is shown in Table 3 . In addition, it is assumed that recyclable wastes from each city are recycled at transfer stations before the MSW is shipped to various facilities. To evaluate the advantage of optimal management scenarios, the primary management scenarios are shown in Table 4 .
CASE STUDY Case Survey

Optimal Scenarios
In the case study, Table 5 8 is used to show the value of model parameters, and Table 6 presents the capacity Figure 3 . Map of the case study.
limitation of facilities. Available MSW compositions that can be processed or disposed of by various facilities are shown in Table 7 Table 8 .
Comparison of Cost and Scenarios
To evaluate further the optimal management model, the outcome and present value cost of the optimal and primary management scenarios in 1999, 2005, and 2010 are compared in Table 9 and Table 10 . The results in Table 4,  Table 8, and Table 9 show the following differences. (1) Incinerator A will be used in optimal scenarios until 2005. (2) The total amount disposed of by compost facility B increases obviously to ensure it has the run of the full load of optimal scenarios during the planning period. (3) The total landfill amount in optimal scenarios is a bit greater than that of the primary scenarios. (4) The optimal scenarios greatly reduce the amount disposed of by expensive incinerator A. As expected, the least expensive options are scheduled earlier in the planning period. As the capacity of the low-cost facilities is depleted, more expensive facilities are opened. Table 10 shows that optimal management scenarios may save 3007.5 yuan/day compared with that of primary scenarios in 1999. The reason is that in the initial period of optimal management, the MSW of city 1 may be shipped to compost facility B of city 2 and landfill E of city 3, avoiding being processed at expensive incinerator A. But at the end of the planning, the increasing MSW amount demands more wastes to be processed at the incinerator. Thus, it is found that the cost of primary management scenarios is close to or even less than that of the optimal scenarios. However, by comparison of the total cost in 1999, 2005, and 2010, 3665.7 yuan/day may be saved in the optimal scenarios. Consequently, the total disposal cost of MSW in the controlling region is decreased greatly by executing optimal scenarios during the planning period. Therefore, the optimal scenarios obviously are superior to primary scenarios in light of cost comparison.
Sensitivity Analyses
To identify the impact of the various parameters on the model result and the relationship among parameters, sensitivity analyses were done for the model with the predicted data for 2005.
Analyses on Alternative Total
Costs for Different Capacities. Figure 4 describes the relationship between total costs and the different capacities of incinerator A, compost facility B, and landfills C, D, and E. Every point in the figure stands for the outcome of the model. It can be seen from the figure that total costs do not change with increase of incinerator capacity (assuming not to calculate costs of additional equipment because of the increase of incinerator capacity), while total costs of the system obviously decrease with increase of the compost facility or landfill capacities. The reason for cost reduction is that the amount incinerated or disposed of by other disposal facilities declines with increase in compost facility or landfill capacities. The relationship between total costs and compost facility or landfill capacity is nearly linear over the range tested; however, this will not always be the case. When capacities reach a certain degree, the absolute slope of the curve will become less. Figure 5 is used to validate priority of various facilities used in the scenarios. The X coordinate depicts the simultaneous increasing rate of every facility's capacity in the system, while the Y coordinate shows the increasing rate of the disposed amount compared with the primary amount. The priority of use is compost facility B, landfill C, and landfill E, then landfill D, and the last is incinerator A. Figure 6 shows examples of varying landfill costs to illuminate the relationship between total amounts disposed of by every technique and disposal costs. As seen from the figure, changes occur in the curve when landfill costs approximately double. The total landfill amount tends to decrease and the total incineration amount increases. However, the total composting amount has no change. Subsequently, the total Compost facility B ---15 --incineration amount continues to increase as landfill costs increase, and the total landfill amount decreases accordingly. The changes in the curve prove that incineration costs are much greater than landfill costs. Thus, for some areas having limited land resources, to ensure utilization of resource permanently, the government may encourage incineration of MSW by taking favorable measures to lessen incineration costs or to increase landfill costs. In addition, compost facilities should be encouraged by the government to utilize some conditional areas.
Analyses on Priority of Facilities.
Analysis on Alterative Disposal Costs.
CONCLUSIONS
This paper put forward the optimal MSW management principles suitable to regional small cities in China, based on their basic MSW characteristics. According to these principles, combined with the demands of MSW disposal, an optimal management model is established. The optimal management model can give attention to changes in various parameters of the system and holds adequate flexibility and good adaptation. The basis of the model is to provide a scientific method to optimize the MSW management generated from regional small cities. The output of the model is optimal MSW management scenarios in the controlling region. The application of the model is explained and demonstrated in detail by the case study. The optimal scenarios obviously are superior to primary scenarios in light of cost comparisons, which adequately validate and account for the advantages of the optimization model. Although regional optimization is the basic principle of executing optimal MSW management from small cities, how to charge for MSW from other cities in the controlling region is not considered in this paper and requires further research.
SYMBOLS
Z ϭ total present cost of system (yuan) a ϭ waste source, including various cities, processing facilities in the controlling region p ϭ recycling facility 
